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ABSTRACT 
The Cu/ZnO = 30/70 catalyst was tested at the pressure 
of 75 atmospheres, temperatures of 225, 235, and 250 · C, and 
-1 GHSV = 5000 hr • Methanol conversion was found to depend 
upon the partial pressure of C~ in the synthesis gas 
containing 30% of co+co2 and 7oi of hydrogen. The rate of 
methanol conversion was at maximum when the catalyst was 
tested with co2 /C0/82 = 2/28/70 mixture at 250 c. When 
t es t e d w i th t he C o2 - fr e e g as , C ~ / CO/ 82 = 0 / 3 0 / 7 0 , t he 
catalyst was partially deactivated. When tested with the 
CO-free gas, C~/C0/82 = 30/0/70, C~ underwent reverse 
water-qas-shift conversion to CO which reacted further to 
produce methanol. When tested with synthesis gas containing 
less than 10% r.o2 , the Cu/ZnO = 30/70· catalyst was 100% 
selective for methanol synthesis. However, when the 
synthesis gas contained mo re than 10 % co2 , 3-5 % of the 
carbon was hydrogenated to methane. 
The poisoning by the co2 -free synthesis gas could be 
reversed by exposing the catalyst to the synthesis mixture 
containing ni r.o2 , C~/C0/82 = 6/24/70. Methane was found 
during the recovery period, but disappeared when the 
activity reached steady state. 
i 
J 
1 
' ) 
j 
;j 
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1 j 
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The catalysts tested with synthesis gas of varying 
CO/C~ com po s i t i o n were subjected to physical 
characterization that had the aim of determining the causes 
of the variations in activity patterns. Surface area of the 
Cu/ZnO = 30/70 catalyst was found by BET argon adsorption to 
have decreased slightly as the C~ content in the synthesis 
gas increased. It was found that upon heating to ?SO · r., 
the surface area of the Cu/ZnO = 30/70 catalyst tested with 
CO-free gas, C~/CO/Hz = 30/0/70, increased by approximately 
20%. The loss of surface area when tested with the CO-free 
gas was attributed to the blockage of micropores for argon 
adsorption used in the BET measurement by the adsorbed C~ 
molecules. 
The particle sizes of the copper metal and the zinc 
oxide in the reduced and the tested catalyst were determined 
by X-ray diffraction to be i nd e pend en t , within the 
experimental data, of the amount of CG.z in the synthesis 
gas. Using the X-ray diffraction line broadening for two 
different reflections, ZnO particles were found to have 
anisotropic shape with the axial length being greater than 
the width. Particle sizes of the copper metal were also 
measured from two diffrent X-ray reflections. The copper 
partcles were also found to be anisotropic, but less so than 
the zinc oxide. 
Surface carbon was detected on the reduced and the 
tested Cu/ZnO = 30/70 catalysts by Auger/X-ray photoelectron 
spectroscopy (XPS) analysis. The carbon found was believed 
to be CH with X : 0 I 1 , 2, or 3. However, this residual 
X 
CH could 
X 
have been deposited on the catalyst surface by 
ethanol used in mounting the reduced and the tested 
catalysts onto the sample slides, and may have been 
independent of the conditions of the activity tests. In 
order that the Auger/XPS analysis be conclusive, it must be 
carried out in situ in future tests. 
1. INTRODUCTION 
1.1 Past Studies 
Methanol synthesis from CO and hydrogen had been 
developed for industrial uses for many years. However, very 
little kinetic information has been obtained for the 
catalytic methanol synthesis. Of the few kinetic equations 
which have been reported, most do not contain the rate 
dependence term on the co2 partial pressure in the synthesis 
gas. The few that do contain the co 2 dependence term in the 
rate equations, do not specify what is the exact role of co 2 
in the synthesis of methanol. 
Natta (1) presented the results of several kinetic 
studies conducted in the temperature range of 300-360 ·c and 
-1 GHSV = 15000 hr over the Zn0-Cr 2o3 .catalyst. 
equation was proposed to be of the following form: 
where: 
r = rate of methanol synthesis 
y. = fugacity coefficient of species i 
1 
pi= partial pressure of species i 
Keq = thermodynamical equilibrium constant 
A,B,C,D = emperically determined constants 
(1) 
The rate 
[1] 
This equation was derived under the assumption that the rate 
controlling step of the synthesis process is the 
trimolecular reaction of carbon monoxide with two hydrogen 
molecules in the adsorbed phase. 
In 1958, Uchida (2) developed a kinetic equation for a 
high pressure, high temperature methanol synthesis over a 
ZnO-C~ ~ catalyst. 
[ 2 ] 
Where ~ is a constant depending on the reaction conditions. 
More recently, in 1969, Atroshchenko (3~ and co-workers 
suggested a rate equation of the form: 
[ 3 ] 
In this equation, Ci are the concentration of species i, k 
is the rate constant, and k is the adsorption coefficient. a 
This experiment was 
between ?.00 and 260 
performed in the temperature range 
-1 
'c, GHSV between 20000 and 60000 hr , 
and total pressure between 690 to 770 ~~Hq. 
(2) 
In 1971, Leonov (4) derived a kinetic rate equation for 
a copper-zinc-aluminum catalyst at the temperature between 
220-260 'C and pressure 32.5 and 4q atmospheres. 
equation was proposed to be: 
r = k ( 0. 5 Pco PH 2 
0.34 ) 
PcH OH 3 
0.5 K 
Pco PH p 2 
tn this equation, k is the rate constant for 
reaction, and K is the equilibrium constant. p 
The rate 
[ 4 1 
the forward 
Two rate equations were proposed which contained the 
co 2 
concentration term. Bakerneir (5) derived a rate 
equation for methanol synthesis from the Lang~uir isotherms. 
He obtained the following analytical equation of the rate: 
r = 
-E/RT aCO aH 2 Ae Pco PH 2(1 - PcH OH/PcoPH K 
2 3 2 p [ 5] 
F/RT 1 + De Pco /p8 2 2 
In this equation, the quantities A, E, aco, aH , D, and F 
2 
are semiernperical parameters. It can be seen that this rate 
equation predicts that the rate of methanol would decrease 
as the CO 2 partial pressure in the synthesis gas is 
increased, ceteris paribus. 
(J) 
I 
I 
l 
I 
1 
i 
l 
Another rate equation proposed by ICI (6) in 1980 also 
contained a CO 2 dependence term. 
[ 61 
Although the ¢CO function was not explicitly determined, it 
2 
was suggested in the paper that the rate of methanol 
synthesis reaches a maximum at the CO 2 to CO partial 
pressure ratio around 0.01, and will decrease as the CO 2 
partial pressure is further increased. It was also 
speculated that the rate of methAnol synthesis declines at 
the very small C~ to CO partial pressure ratio (less than 
0.01). 
1.2 Present Study 
The present study deals with the determination of the 
dependence of the rate of methanol synthesis over Cu/ZnO = 
30/70 binary catalyst which was found to be very active (7) 
on the CO
2 
partial pressure in the synthesis gas. This 
dependence is important for 
production, because the 
the 
present 
industrial 
technology 
methanol 
allows 
manufacturers to regulate the amount of CO 2 in the synthesis 
gas, and therefore it would be of great benefit to maximize 
the yield of methanol with the optimum CO/CO 2 feed gas 
( 4) 
I 
l 
J j j 
1 
l 
.I 
j 
l 
1 
ratio. In this experiment, the Cu/ZnO = 30/70 catalyst was 
treated with various feed gas compositions. Other test 
conditions were: total pressure of 75 atmospheres, carbon 
to hydrogen ratio of 30/70, temperatures of 225, 235, and 
250 ' C, and GHSV = 5000 -1 hr These conditions were 
determined to be the standard conditions for methanol 
synthesis in the work done by Herman et al. (7). Changes 
in the rate of methanol formation was detected by gas 
chromatography. Physical changes of the catalyst were 
investigated using the BET surface area determination, and 
X-ray diffraction for partcle size measurement. Catalyst 
surfaces were also examined using Auger/X-ray Photoelectron 
Spectroscopy. 
The model of the kinetic of the synthesis was not 
derived explicitly from the data. However, the equations 
above were tested using the data obtained in this 
investigation. A proposal was made of the list of terms 
which have to be included in the rate equation of methanol 
synthesis. 
( 5) 
j 
!, 
'j 
l 
:1 
2. EXPERIMENTAL PROCEDURE 
2.1 Catalyst Preparation 
2.1.1 Coprecipitation 
The 30/70 Cu/ZnO catalyst was prepared using the 
following chemicals: 
a) 45.50 g of Cu(N°J )2 312 0 
b) 127.92 g of Zn(N°J)2 6~0 
c) 700 ml of 1 molar N'? C°-3 solution 
The preparation procedure was as follows: 
a) The copper salt was dissolved in 1500 
water, filtered and let stand 
temperature. 
ml of 
overnight 
dist i 11 ed 
at room 
b) Zinc salt was added to the solution. Distilled water was 
then added to make a 2000 ml solution. 
c) The solution was heated to approximately 90 · C and 
stirred with a magnatic stirrer. 
d) When the temperature had reached equilibrium, the 
sodium-carbonate solution was added dropwise. Light blue 
( 6) 
I j 
i j 
I 
1 
precipitate was formed. 
e) The pH of the Cu/Zn solution was monitored with an 
electronic pH meter. 
When the pH had reached 6.5, the addition of the 
carbonate solution was stopped. 
f) Heat was then removed, but stirring was continued for 1-2 
hours. 
g) The precipitate was washed and decanted 3 ti~es with 
distilled water. It was then filterred and washed again 
with 10 portions of 10 ml of distilled water. 
h) The precipitate was left to dry on a watch glass under a 
hood for several days at room temperature. 
2.1.2 Calcination 
a) The light blue precipitate (precursor) was spreaded out 
evenly in a large Pyrex bowl and placed in a high 
temperature oven. 
b) The precursor was heated in air at 150 C for half hour. 
( 7 ) 
1 
;'l 
,., 
,i 
c) The oven temperature was raised by 50 · C increments every 
half hour until it reached 350 · C. 
d) After 1 hours in the oven at 350 · C, the calcined 
catalyst was removed and bottled to await pelletization. At 
catalyst was observed to exhibit this point, the 
brownish-black powder-like appearance. Details of the 
compounds contained in the precursor and the calcined 
catalyst are given in reference (7). 
2.1.3 Pelletization 
a) The calcined catalyst was mixed with distilled water at 
the weight ratio of 6:10 catalyst to water. 
b) ~he slurry was pressed through a die containing 1mm holes 
onto a watch glass and left to dry for several days under a 
hood. 
c) The dry pellets were cut and sieved between No. 
No. 20 U.S.A. Standard Testing sieves. 
( 8) 
10 and 
__ ,.. 
?.1.4 Catalyst Loading and Reduction 
a) 2.45 g of pelletized catalyst was loaded into a 1.27 cm 
I.D. 316 stainless steel flow reactor together with 3mm 
Pirex glass beads. Full description of the loading 
procedure, the reactor,and the testing apparatus are given 
in reference (8). 
b) Two percent hydrogen in nitrogen gas was turned on to 
flow through the reactor at the rate of approximately 60 ml 
per minute at 25 · C and atmospheric pressure. The flow was 
continued for 1-2 hours to drive out all the air from the 
reactor. 
c) Temperature of the reactor was raised at the rate of 3-4 
C per minute to 250 · C. 
d) Reduction time was calculated to give stoichiometric 
reduction of CuO by Hz Over-reduction of the catalyst was 
found to give inferior catalyst. For example, time of 3 
hours was required to reduce 2.45 g of Cu/ZnO = 30/70 
catalyst, assuming the reducing gas to pass through the flow 
meter at 25 • C and 1 atmosphere. 
e) The reduction of the catalyst was found in a previous 
(9) 
study to start at temperature around 210 · C, therefore the 
timing of the reduction was started when the catalyst had 
reached that temperature. 
f) After the reduction period, the catalyst was cooled 
quickly to 210 'c by the use of cooling air external to the 
reactor. The vessel was then capped and pressurized with 
nitrogen. 
2.2 Activity Tests 
The cativity of the catalysts was tested in a 
differential 
-1 
flow reactor at a flow rate of 5000 hr GHSV, 
pressure of 75 atmospheres, temperatures of 225 ·c, 235 C, 
and 250 · C, and varying ratio of co2 to CO in mixtures 
containing carbon to hydrogen mole ratio of 30/70. The 
product gas was sampled and analyzed using Hewlett-Packard 
model ~7)0A Gas Chromatograph coupled to a Hewlett-Packard 
medel 3388A intergrator. Porapak Q column was used for the 
analysis of the mixture containing CO, COz, CH 4 , CH_J OH, and 
~O. The compounds in the outlet gas were identified by 
their known retention times, shown in Table I. The areas 
under the GC peaks, corrected for the so calle
d 
"penetrationM peak of hydrogen, and the sensitivity 
differences of the detector for each gas, yielded the 
(10) 
; 
·,! 
I 
' j 
l 
l j 
I 
,J 
I 
'I 
l 
I 
l 
. ~· 
Table I Retention times and sensitivity factors for 
Thermal Conductlvity Gas Chromatography 
Compound 
co 
CH4 
CO2 
H20 
CH
3
0H 
* RT 
(min.) 
0.51 
0.61 
0.81 
1. 35-1. 41 
2.80-3.20 
* oven temperature at 110 °C 
** EXXON 
factor 
42 
37.5 
48 
33 
55 
** Factor 
used 
42 
37.5 
48 
33 
45 
** intergrated areas, divided by the sensitivity factors and 
normalized, give percents of the compounds in the gas 
mixture 
( 11) 
relative ratios of the amount of each compound in the 
effluent stream. The factors used for the detector 
sensitivity corrections were taken from a table published by 
Andrew (6) for CO, co 2, Hf, and CH 4. However, the factor 
for methanol was found by oxygen balance of the system to be 
45, not 55 as was given in Andrew's table. The outlet gas 
from the reactor was sampled and ~nalized every 7 to 8 
minutes using automatic gas sampling valves made by 
Hewlett-Packard model Specials-03. 
Two long term experiments were also conducted to 
determine the reversibility of the effects of C~/CO/H 
0/30/70 and ?0/10/70 svnthesis gas mixtures on the 
activities of the catalyst. Each gas mixture was used to 
test a catalyst sample at 250 · C for l?. hours. At the end 
of the twelveth hour, the mixture co2;co/H = 6/24/70 was 
passed through the reactor. The product gas composition was 
followed by the GC for the periods of 32 and ?O ho1irs 
thereafter for the 0/10/70 and the 20/10/70 aas composition 
respectively. 
After each activity test, the catalyst was removed in a 
nitrogen-filled glove bag and stored under Nitrogen to await 
characterization tests. 
(12) 
. _.:. .• ;A"••-..--'·· -·- ,_ ....... - ------···. -----------
2.3 Catalyst Characterization 
Four tests were performed on the catalyst for 
characterization purposes: BET surface area determination; 
X-ray diffraction for particle size measurement; 
Auger/X-ray Photoelectron Spectroscopy(XPS) for surface 
carbon analysis; and elemental analysis to determine the 
ratio of the amount of CuO to ZnO in the calcined catalysts. 
2.3.1 BET Surface Area Determination 
Approximately 0.2 g of catalyst was used for each 
surface area determination. Argon gas was used for 
determining the adsorption isotherm, and helium gas was used 
for calculating the sample volume. The pressure range used 
for argon adsorption was between n-80 torr, and the range of 
the dosage pressure of helium was between 0-21 torr. Both 
the adsorption and the volume tests were done at liquid 
nitrogen temperature. 
The mathematical calculations for the BET surface area 
determination are given by equations f71 through [111 and 
also Figure 1. For further detailed description of the BET 
apparatus and procedures, see reference (10). 
(13) 
a) sample volume determination 
Vs= (Pd-Pe)*Vd/(Pe-Pe') 
b) BET adsorption equations 
( 7 ] 
P/(v*(Po-Pe)) = 1/ (Vra*c) + (c-l)*(Pe/Po)/(Vm*c) [8] 
a= slope [9] 
Pe 
v(Po - Pe) 
b = intercept (10] 
O 0. 05 0.3 
Figure 1 Adsorption isotherm 
Vs = sample volume, ml 
Vd = dosage volume, ml 
Pe/Po 
Pd= dosage pressure, torr 
Pe= equilibrium pressure, torr 
Vm = 1/ ( a+b) 
Pe' = previous equilibrium pressure, torr 
v = volume of gas adsorbed at the pressure Pe, ml 
vm = volume of gas adsorbed in the monolayer, ml 
c = exp((Ea - Ec)/RT) where Ea= heat of 
monolayer, and Ee= heat of condensation 
(14) 
[ 11] 
2.3.2 X-ray Diffraction 
X-ray diffraction tests were performed on the catalyst 
to determine particle sizes for ZnO, CuO, and Cu • The 
instrument used for the test was a Siemens diffractometer 
(Lehigh University Department of Mettallurgy and Material 
Science 461A-2fi). Scanning was done in the region between 
12-72 degrees of the angle 28. The angles at which the 
peaks were used for the particle size determination are 
given in Table II. The equation used for the calculation of 
the particle size is given by equation (12). 
Particle size (A) = 0. 9/ ( ( w x - w 1 ) cos ( G ) ) 
w = width of X-ray peak at half hight, radians 
X 
[ 1 2] 
w' = half-width of X-ray peak of a highly crystalline 
material, radians (see Table II) 
8 = 1/2 of the angle at which the peak occurs on the 
Siemens' chart ( see Table II) 
since the reduced and the tested catalysts, unlike the 
precursor and the calcined samples, were air-sensitive, 
exposure to air was avoided by mounting the samples in an 
aluminum cell covered with Mylar sheet. The mounting 
process was done in a glove-bag under nitrogen gas. Mylar 
sheet was chosen for covering the catalyst because of its 
(15) 
l 
I 
i 
j 
Table II Constants used in particle size measurements by 
X-ray Diffraction 
Compound 
(Miller Ind ices) 
CuO 
Cu0 (111) 
(110) 
ZnO (101) 
(110) 
20 
(degree) 
38.6 
43.2 
50. 4 
36. 5 
56. 6 
w' 
(mm) 
1. 6 
1. 0 
1. 0 
1. 0 
1. 0 
20 = angles at which the peaks occure on the Siemens X-Ray 
Diffractometer charts. 
w' = width-at-half-hight of highly crystalline materials. 
(16) 
amorphous characteristics which did not exhibit X-ray 
diffraction of its own in the range of the angles used. The 
precursor and the calcined samples were mounted onto the 
aluminum cell without the protective cover. For further 
details of the X-ray diffraction tests and the apparatus, 
see reference (11). 
2.3.3 Auger/X-ray Photoelectron Spectroscopy(XPS) 
Auger/XPS tests were used to determine the nature and 
the amount of surface carbon on the tested catalysts as 
compared to the reduced-only catalysts. 
The samples were prepared by grinding the catalysts 
mixed with ethanol in a beaker containing gold plated sample 
slides. This step was performed in the presence of air due 
to the difficulties in trying to mount them in a nitrogen 
bag. The particles in the slurry were dispersed using an 
ultrasonic vibrating bath. Excess ethanol was syphoned out 
after the dispersed particles had been allowed to settle 
onto the sample slides. The last amount of ethanol was 
evaporated under a heat lamp. 
in the Auger/XPS unit 
The samples were then placed 
made by Physical Electronics 
Industries and the chamber was evacuated. 
( 17) 
The Auger/XPS runs were performed at 400 watts Mg 
excitation energy, 25 and 100 eV pass energy, time constant 
of 0.1 second, and sensitivities of !OK, 30K, and 100K. 
Initially, all the samples were subjected to single-scan 
runs between O and 1100 eV binding energy. Then high 
resolution tests were performed on all the samples using 16 
scans at the binding enery range of 225 to 325 eV. Finally, 
some selected samples were subjected to very high resolution 
32 scans of the carbon peaks (binding energy between 286 and 
306 eV). The binding energy of the carbon peaks were 
recalibrated using the zinc XPS lines at 
bind ind ing energy. 
2.3.4 Elemental Analysis 
1021.7 eV 
Samples of the calcined catalysts were sent out to 
Baron Consulting Company for elemental analysis to determine 
the precise weight ratio of CuO/ZnO of the 30/70 catalyst. 
(18) 
1. EXPERIMENTAL RESULTS 
3.1 Activity Tests 
The activities of the 10/70 Cu/ZnO catalyst were tested 
at three temperatures of 225 ·c, 235 ·c,and 250 ·c, and with 
8 different synthesis gas mixtures varied in the ratios 
concentration of of co2 to CO. Carbon to hydrogen ratio was 
kept at 30/70 for all the test runs. Hence when referred to 
x% co2 , it means x·., r.o 2 , (30-x)% CO, and 7<1* H2 synthesis 
gas mixture. Other test conditions were: pressure of 75 
-1 
atmospheres, and flow rate of 5000 hr • The composition of 
the effluent stream was analyzed by gas chromatography as 
described earlier. Percents of methanol in the effluent 
stream of all carbon containing compounds plus water are 
given in Figure 2. For comparison, the theoretical 
equilibrium conversions were also plotted for the three 
temperatures on the same figure. The ratios of percent of 
methanol from the experimental data to that of the 
theoretical equilibrium limits are shown in Figure 1. 
Figure 2 shows that the rate of conversion of co 2/co to 
methanol has a local maximum at the co 2/CO/H 2 ratio of 
2/28/70, at all of the three temperatures tested. Beyond 
the 2% co 2 point, as the co 2 content in the synthesis gas 
increased, the rate of conversion decreased. However, in 
the absence of co 2 in the synthesis gas, conversion rate 
(19) 
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dropped off sharply. All of the methanol conversion data 
points were found to lie below the equilibrium limits. 
Figure 3 shows the ratios of the percent of methanol 
found in the experiment to that of the theoretical 
equilibrium composition for the three reactor temperatures. 
With the 2% CO 2 mixture, the experimental conversion was 
found to be at a maximum of 96% of the theoretical limit at 
250 
the 
c. The activities of the Cu/Znu = 30/70 catalyst at 
two extreme synthesis gas conditions = 
0/30/70 and 30/0/70), along with the activities found when 
tested with the gas mixture co2 ;co/H2 = 6/24/70 and ?/28/70 
were reproduced at least twice using two different batches 
of the Cu/ZnO = 30/70 catalyst. See Table III. The 
fractions of co2 and HzO in the effluent stream as compared 
to the theoretical calculations are shown in Figures 4 and 5 
respectively. 
Between O ann 10% co 2 , the catalyst exhibited total 
selectivity for methanol formation. Dimethyl ether and 
methane were not found in the product stream. However, when 
synthesis gas with more than 10% co 2 was used, methane was 
found in the effluent stream at all three temperatures 
tested, as shown in Figure fi. The rates of methane 
formation were found to be in the reverse order to the 
temperature, more methane was formed at 225 C than at 250 
(22) 
Table III Listlng of activity tests 
# of tests names of catalysts used 
0/30/70 3 V. c.· 6, V. C. 7 
2/28/70 3 V. C. 6, V. C. 7 
4/26/70 1 v.c. 6 
6/24/70 8 v.c. 6, V.C. 7, JBY4 
8/22/70 1 v.c. 6 
10/20/70 1 V. C. 6 
20/10/70 1 v.c. 6 
30/0/70 2 v.c. 6, v.c. 7 
Reduced v.c. 7 
(23) 
' 
',, 
l 
l 
I 
l 
I 
J 
I 
l 
I 
J 
.i 
j 
I 
j 
1 
l 
70 
:c 60 
0 
rt\ 
:::c 
u 
"C 
C 
ra.. 50 
q' 
:c 
u 
.. 
0 
N 
:::c 
N 40 0 
u 
.. 
0 
u 
-0 
ON 30 
u 
-0 
4J 
C 
Q) 
u 
L. 20 Q) 
a. 
10 
METHANOL SYNTHESIS 
@ 75 atmosphere, GHSV = 5000 
.- 225 °C 
V'---- 235 °C 
/'------- 250 °C 
Theoretical Equilibria 
Experimen ta I Data 
·-·-·D·-·-· 225 °c 
· -·-V-· -· 235 °c 
---0-- --- -· 250 °C 
O 1.J--------:-'-10=--------"20 _____ ___.30 
Percent of CO2 in the initial mixture 
Figure 4 CO
2 
concentration in methanol s rnthesis 
(24) 
I, 
·, 
l 
j 
l 
J 
:r: 
0 
("('\ 
:r: 
u 
"CJ 
C 
cc 
:r:~ 20 
u 
0 
N 
:r: 
N 
0 
u 
0 
u 
-0 
0 
:CN 10 
-0 
....., 
C 
Q) 
u 
L. 
Q) 
~ 
Experimental Data 
- - -0- - - 250 °C 
-,-~-·- 235 °C 
------0-------225 °C 
METHANOL SYNTHESIS 
Theoretical Equilibria 
225 °C -----b/ 
235 °C ___ __, 
250 °C -----JJ 
@ 75 atmosphere, GHSV = 5000 
/ 
H
2
0 // ./· 
/ ./,/ 
D / .//,-, 
/ ./ ...... 
,-0 / .... 
/ ./>,." 
/ ~ ,. .. 
0 
/ ...... ~;~ / / ...... .. 
/ ............. ... 
/ / ........ .. 
. .... 
; ... ,,. 
, 
o~o-.....----~~-----...l....--------1 10 20 30 
Percent of co2 in the initial mixture 
Figure 5 tt
2
o produced in methanol synthesis 
(25) 
,.... 
I 
I 
5 METHANOL SYNTHESIS @ 75 ATMOSPHERE and GHSV = 5000 
.. 
N 
0 4 <-: :c 
00 
u rt'\ 
- :c 3 OU 
..--... 
o:::::ro 
N :c C 
°' 
u ro 2 
.......... 
- ~ 0 :r: 
....... u 
1 C Q..) -
uO 
L. C"J 
Cl) :c 
a.. 0 
--0-- 250 °C 
::J 
-·-V-·- 235 °C 
-,,,,..,--
----- ... . 
_... . ---
-- .----
... -. --- . ___. 
, ----., 
.,_;..,: 
.,:.:,_/' 
., . 
,".~ CH 
.,~~ 4 
,.,Y 
... 
-----0------ 225 °C 
0 10 20 30 
Percent of co2 in the initial mixture 
Figure 6 CH4 produced in methanol synthesis 
j. __ .:..._ 
·c. Dimethyl ether was not found at any of the conditions 
investigated. 
All the catalysts tested with gases with varying CO2 
content were found to recover its activity when the 6% CO2 
mixture (standard mixture) was put back on as the synthesis 
gas. Two experiments were performed to determine the long 
term effects of a very low and a very high co 2 content in 
the synthesis gas on the activities of the 30/70 catalyst. 
In the first of the two long term experiments, c~-free 
gas was used as the synthesis gas for l /. hours at 250 . C' 75 
atmosphere, and 5000 hr -1 The catalyst showed GHSV = . a 
steady state carbon conversion to methanol of approximately 
10 percent. After 12 hours, the standard gas mixture was 
turned on (t=O). Seventeen hours after the standard mixture 
was put back on, the catalysts was seen to have recovered 
all of its original activity (approximately 55% conversion 
at 250 'c for 6% co 2 gas). The experiment was continued for 
another 15 hours, and the conversion remained steady during 
that entire period. Between t= 4.S hours and t= 17 hours, a 
relatively large amount of methane was observed in the 
effluent stream (up to 40% of the carbon content) ,as 
indicated in Figure 7. 
(27) 
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The second long term experiment was similar to the one 
above, but the initial synthesis gas contained a large 
amount of co2 (C~/CO/H 2 ratio was 20/10/70). At steady 
state at 250 · C, the catalyst showed al:iuut 20% carbon 
conversion to methanol and 1i conversion to methane. Two 
hours after the standard mixture was put in as the synthesis 
gas, the conversion rate to methanol recovered fully. For 
the first 11 hours after the standard mixture was turned on, 
methane was not detected in the outlet stream. However, 
after the eleventh hour, methane reappeared in the effluent 
stream, and both methanol and methane reached steady state 
thereafter. The time course of this experiment is 
summarized in Figure 8. 
3.2 Catalyst Characterization 
After being tested with gas mixtures with the various 
concentration of C~, most of the samples were then exposed 
to the standard synthesis mixture containing ni ro2 . This 
step was taken to check the reversibility of the effects of 
different co2 concentration on the methanol synthesis rates. 
There were three samples which were removed from the reactor 
right after they have been tested with the synthesis gas in 
question, prior to being exposed to the standard synthesis 
gas. These catalyst samples were tested with synthesis gas 
(29) 
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mixtures containing O, 6, and 30 percent co 2 • A sample 
which was tested with the 20/10/70 mixture was accidentally 
dropped and was oxidized- by air when it was being removed 
from the reactor, therefore there are no characteristic data 
for the catalyst ~~sted at that condition. 
3.2.1 BET Surface Area Determinations 
Surface area measurements of the catalyst showed a 
2 2 
slight downward trend from about 40 m /g to about 34 m /g 
when the co 2 contents in the synthesis gas increased from O 
to 30 ·parts per hundred. See Figure 9. Verification and 
more data are needed at the high CO 2 content conditions 
before any firm conclusion regarding the trend of the 
surface areas can be made. At any rate, if the downward 
trend does exist, the small obser~ed decrease in surface 
areas cannot account for the large decrease in the rate of 
methanol synthesis. 
3.2.2 X-ray Diffractjon 
X-ray diffractometer was used to determine particl~s 
sizes of ZnO and Cu metal in ·the reduced and the tested 
ca·talysts. The particle sizes were measured for Cu metal 
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30 
and the ZnO at two different crystal planes each. The (1111 
and r110] reflections were used for Cu metal and the r1101 
and the (101) reflections were used for the ZnO particle 
size determinations. The results are given in Figure 10. 
The errors associated with the measurements of the 
half-widths and the calculations are shown in Table IV. All 
the deviations of the data points are within the error range 
of each set of calculations. Therefore it can be concluded 
that the particle sizes do not change significantly with the 
change in COz partial pressure in the synthesis gas mixture. 
It can also be seen that the (101) and the (110] reflections 
of ZnO gave different values for 
sizes. This confirms that the 
spherical. 
non-spherical 
Cu metal showed, 
structures. The 
the crystallite 
ZnO particles 
to a 1 esse r 
part ic 1 e 
are not 
degree, 
( 111] and the (110] 
reflections gave different values for the size of the Cu 
metal crystallites. However, the X-ray peaks for the (110] 
reflection of the Cu metal were very short and wide, and 
coupled with the large noise signals from the instrument, 
made the reading of the half-widths of these peaks very 
difficult. The errors in the readings could have 
contributed to the differences in the crystalline sizes for 
the two planes of the Cu metal. 
(JJ) 
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Table IV Errors for particle size measurements 
Compound (Miller Indices) Error 
0 
A 
Cu0 (111) 10 
(110) 17 
ZnO (101) 70 
(110) 65 
(JS) 
1.2.3 Auger/X-ray Photoelectron Spectroscopy (XPS) 
Auger/XPS tests were performed on the reduced and the 
tested catalysts to determine the nature and the relative 
amounts of the carbon suspected 
surfaces tested for activity 
concentration in the synthesis gas. 
to be 
with 
on the catalyst 
different CO 2 
Figure 11 gives the 
ratios of the intergrated areas under the carbon peaks to 
the corresponding ZnO Auger or XPS peaks. The reduced 
catalyst also showed carbon on its surface. This carbon 
could possibly have been deposited on the surfaces during 
the preparation of the Auger/XPS sample slides which was 
done in ethanol in the presence of air. This preparation 
procedure is suspected to be the probable source of some 
surface carbon; the reduced catalyst should show no carbon 
since it has never been exposed to any carbon compound after 
it has been calcined. The sample which was tested and 
removed under the = 0/30/70 synthesis gas was 
shown to have the highest carbon to ZnO ratio. At any other 
synthesis gas compositions, the ratios of carbon to ZnO were 
found to be slightly higher than those on the reduced 
catalyst, lower than those on the sample treated with 
co
2
/cO/H
2 
= 0/30/70 qas and showed no dependence on CO 
concentration in the synthesis gas. In making the latter 
obsevation, it must be kept in mind that all these points in 
the middle of the co 2 content range (all points except the 
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ones at the two extremes) were tested with the standard 
mixture containing 6% C°'2 as the final treatment. If the 
surface carbon is bonded reversibly, which there are 
indications that it was, then the fact that the samples were 
finally treated with the same synthesis gas could account 
for the lack of dependence of the surface carbon 
concentration on the co2 concentration in the synthesis gas. 
The surface carbon found in the Auger/XPS analysis had 
binding energy between ?.84-?85 eV, which eliminates the 
possibility of it being carbidic (binding energy 280-283 eV) 
or carbon bonded to oxygen (binding energy) ?.86 eV). The 
question of the nature of this surface carbon will be 
discussed in section 4.4. 
3.2.4 Elemental Analysis 
The results of the elemental analyses for the two 
separate preparations of the Cu/ZnO = 30/70 catalyst used in 
the experiment are shown in Table V. The tests were 
conducted by Baron Consulting Company. It can be seen from 
these results that the weight ratios of the CuO/ZnO are very 
close to the 10/70 ratio specified. However, a test of the 
accuracy of these results was made in an earlier study, and 
the errors are determined to be approximately 0.5% for CuO, 
(38) 
Table V Results of elemental analyses 
Compound 
CuO 
ZnO 
V. C.6 
% 
30. 23 
69.77 
(39) 
Catalyst name 
V.C.7 
% 
29.76 
70.24 
~nd 1% for ZnO. The errors were determined by sending 4 
snmoles from 2 different batches of the 10/70 catalyst out 
for analysis. The differences of the test results between 
two samples from the same batch were averaged and reported 
as the approximations of the errors. 
(40) 
4. nrscussroN 
4.1 Reactants in Methanol Synthesis 
The methanol synthesis reaction is given by equation 
r 131 • 
co + = [ 13] 
The water-qas shift reaction which occurs parralel to the 
methanol synthesis is given by equation (14]. 
co + = co 2 + (14] 
An alternative reaction has been reported in a number of 
publications is that CO 2 reacts with hydrogen to form 
methanol and water, (12,13,14). 
CO 2 + 3 H 2 = CH JOH + H2 0 
(15] 
The water then undergoes shift reaction with carbon 
monoxide, equation (141. A further side reaction, namely 
hydrogenation of carbon dioxide to methane, takes place with 
certain gas compositions. This methanation reaction will be 
discussed separately. 
(41) 
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From the data collected in this investigation, it was 
found that methanol was generated from CO (equation[l3]) at 
a higher rate than from CO 2 (equation [lSl). It can be seen 
from Figure A that the amount of co 2 converted during the 
methanol synthesis is fairly small. The n zero 
consumption" line shows what the percent of CO in the 
outlet stream would be in the absence of the reverse shift 
reaction or of the direct conversion to methanol (equation 
[14] from right to left and equation (15]). Since the co 2 
conversion was small, it would mean that in order for co2 to 
be the reactant in methanol synthesis, the shift reaction 
would have to be many times faster than the methanol 
synthesis reaction. However, it has been reported that the 
shift does not proceed much faster than the synthesis 
reaction (13). 
It was also found that the rate of methanol synthesis 
decreased with the increase in the co2 partial pressure in 
the synthesis gas beyond the 2% co 2 point. If CO 2 was the 
main reactant of methanol synthesis, the trend would have 
been reversed. 
( 42) 
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d.2 Dependence of the Methanol Synthesis Rate on Partial 
Pressure.£.! co 2 
Figures 2 and 3 show that the rate of methanol 
synthesis depended on the amount of CO2 in the synthesis 
gas. In the absence of COz in the synthesis gas mixture, 
the methanol synthesis reaction proceeded quite slowly. 
When smal 1 amounts of co 2 were present in the synthesis gas, 
the reaction accelerated. The presence of 2% co2 in the 
feed gas accelerated the reaction to near maximum at 250 C, 
-1 
75 atmospheres, and GHSV = 5000 hr , (96% of equilibrium 
conversion). As the co 2 content in the synthesis gas 
increased further, the rate 
decreased. When tested with CO /H 
of methanol production 
mixture, the catalyst 
yielded approximately 10% carbon conversion at 250 C. 
From this experiment, there is evidence that the 
methanol synthesis is affected by co 2 in the synthesis gas 
by a number of mechanisms. Small amount of co2 in the 
synthesis gas could condition the catalyst to give optimum 
methanol production. This hypothesis stemmed from the 
observation that Cu/ZnO = 30/70 catalyst tested with 
co 2-free gas gives low conversion to methanol. However, 
when 2% co 2 was present in the synthesis gas, the methanol 
synthesis increased to near equilibrium conversion, see 
Figures 2 and 3. It is theorized that the absence of co2 , 
(4J) 
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the CO/H2 synthesis gas may reduce ZnO to zinc ~corns or 
copper ions to copper atoms with oxygen vacancies. When co2 
was introduced into the system, one oxygen atom from the co2 
molecule may fill the vacancies and reactivate the catalyst. 
A further effect of co 2 may be to influence surface carbon 
equilibria, as discussed in sections 4.4 and 4.~. 
As co 2 content in the synthesis gas was increased to 
above 2% level, the methanol conversion rate decreased. 
This decrease of methanol conversion rate could be due to 
the competition for active sites by hydrogen, CO, and co2 . 
It was found that co 2 adsorbs fairly strongly at 250-320 · C 
temperature and 1 torr pressure (15). Even though the co2 
adsorption data at our high pressure conditions are lacking, 
it could still imply that co 2 adsorbed on ZnO at high 
pressure and decreased the concentration of active sites for 
carbon monoxide and hydrogen adsorption, and therefore 
retarded the rate of the synthesis. 
When the catalyst was tested with the co2 /H2 gas 
mixture, CO and methanol was observed in the product stream. 
This observation indicates that CO was produced from co2 by 
the reverse water-gas shift reaction. The CO produced was 
then converted further by the synthesis 
methanol. 
(44) 
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co2 was also credited by ICI (6) to increase the entry 
routes of CO diffusion into the catalyst tablets. It was 
theorized that CO is formed by the reverse shift reaction 
from co2 inside the catalyst channels. This was believed to 
increase the CO concentration inside the tablet and 
therefore to increase the rate of methanol synthesis. The 
data from this investigation neither support nor disclain 
this theory, but since our catalysts have lower surface 
areas and pore volumes than the ICI catalysts, the reaction 
is not likely to be influenced by diffusion in the pores. 
4.3 Kinetic Model 
Due to the fact that as the partial pressure of CO2 was 
changed, the partial pressure of CO also changed in the 
experiment conducted (total pressure and the hydrogen 
partial pressure were kept constant), the formal power law 
of the kinetics of the methanol synthesis cannot be derived 
from the data collected. Another experiment is needed in 
which CO partial pressure is kept constant instead of the 
hydrogen partial pressure. However, the rate was measured 
as a function of the temperature and of the CO/CO 2 ratio, 
and can be used for testing of kinetic equations derived 
from various models. Six kinetic equations were reported in 
the literature which were derived from various models and 
(45) 
are given by equations [1] through [6]. 
Eq u a t ions [ 1 ] 
dependence term. 
through [41 do not contain a co 2 
Since it was found in this investigation 
that the rate of methanol synthesis does depend strongly on 
the amount of co 2 in the synthesis gas, these equations 
cannot adequately describe the kinetic of methanol synthesis 
over the Cu/ZnO = 30/70 catalyst. 
Equations [5] and fnl no contain co 2 dependence term. 
However, these equations predict that the rate of methanol 
conversion is O when there is no CO in the synthesis gas. 
These models were derived without taking the shift reaction 
into account. As can be seen from this investigation, when 
tested with CO-free gas, both methanol and CO were found in 
the outlet stream, see Figures 2 and 3. This indicates that 
CO2 has undergone reverse shift reaction with hydrogen to 
produce CO and water. 
methanol. 
CO then reacted further to form 
The correct model of the methanol synthesis over the 
Cu/ZnO = 30/70 catalyst, based on the data of this 
investigation, must include CO, co2 , H2 , 
adsorption/desorption terms, the shift reaction and the 
methanol synthesis in the adsorbed phase. For the 
adsorption of co 2 , the term must take into account two 
possible effects of the adsorbed co 2 on the methanol 
(46) 
synthesis rate beside the effects of the shift reaction. 
First, co2 could adsorb on the ZnO surface to form surface 
carbonate (16). The formation of the zinc-carbonate could 
retard the methanol synthesis by decreasing the number of 
active sites available for hydrogen adsorption. Secondly, 
the adsorbed co 2 could activate the catalyst as the co2 
concentration in the synthesis gas is increased from Oto 
2%. This conditioning process is postulated to be the 
filling of oxygen vacancies by the oxygen from co 2 • The 
oxygen vacancies could have been created by the reduction of 
ZnO to Zn or Cu ions to Cu by the synthesis gas in the 
absence of CO 2• 
It was reported by Hart and Sebba (15) that CO2 
preferentially adsorbs approximately 3-5 times over CO on 
ZnO at the temperature between 250 and 320 · C and pressure 
of less than 1 torr. Even though the data for the high 
pressure conditions are lacking, the co2 adsorption term is 
likely to be substantial at high pressure, and therefore its 
effects should not be neglected. Methane formation has not 
been taken into account in any of the models so far 
considered. Although mechanistically significant, this 
reaction is probably of little importance for kinetics 
because of its relatively small extent. 
(47) 
4.4 Surface Carbon 
When co 2-free synthesis gat5 was used to test the 
catalyst, surface carbon was suspected to be the catalyst 
poison. Surface carbon may have retarded the methanol 
synthesis by covering the active sites for CO and H2 
adsorption. In an experiment represented in Figure 7. the 
history of the surface carbon intermediate was probed into 
by first running the synthesis in co 2-free feed gas and then 
by switching to the standard mixture containing 6% co2 • 
When the co2-free gas was used, the conversion rate was 
found to be relatively low at steady state. Small amount of 
co2 was detected in the outlet gas at steady state even 
after 12 hours at 250 · C, despite the fact that there was no 
co2 in the feed gas. After the 6% co 2 mixture was put into 
the system, methanol conversion increased but methane was 
also detected in the effluent stream. In a few hours, 
methanol production decreased to reach a minimum and the 
methane production increased to reach a maximum. After 17 
hours, methane disappeared and the activity of the catalyst 
for methanol synthesis recovered fully. It was suspected 
that, in the absence of co2 , CO molecules formed co2 and 
some kind of surface carbon (see equation [16]) which was 
then removed as methane upon a change of reaction condition. 
2CO + x/2 H2 = CO + CHx [16] 
(48) 
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The presence of surface carbon was tested using 
Auger/XPS analysis. XPS spectroscopy does not permit the 
distinction between amorphous carbon (x=O) and hydrocarbon 
(x=l,2,or 3) (17) but does distinguish between CHx and 
carbidic carbon or oxygenated carbon intermediates (17). 
Unfortunately, several experimental factors hinder the 
interpretation as to which may be the origin of the CHx 
group found here. First, due to the difficulties in 
mounting the samples onto the Auger/XPS slides, the samples 
could have been contaminated,see sections 2.3.3 and 3.2.3. 
Secondly, some of the surface carbon may have originated by 
incomplete calcination of the precursor carbonate which 
could be subsequently reduced to CHx residue. 
The data from the initial Auger/XPS tests are presented 
in Figure 11. Keeping in mind the inconclusive nature of 
the results for the reason cited above, it can be seen that 
the catalyst tested with co2-free mixture showed higher 
carbon content than other samples. This carbon could 
possibly be the residual CH x formed in equation [181. Also, 
the catalyst which was tested with the co2 -free mixture and 
then finished with the 6% co2 mixture showed lower amount of 
carbon than the one tested with co2 -free gas only. In fact, 
this carbon concentration was almost the same as that on the 
catalyst which was tested with the 6% CO2 mixture only. 
This could possibly be an indication of the reversibility of 
(49) 
:i 
.~ 
d 
1 ,, 
j 
l 
/~ 
I 
I 
the surface carbon formation. 
As to the nature of the surface carbon, it was found by 
Auger/XPS analysis to have binding energy between the values 
of 284-285 eV. This eliminated the possibility of it being 
carbidic or oxygenated carbon with binding energies between 
280-283 eV and >286 eV, respectively (18). From the 
observed binding energy, the carbon residue was concluded to 
be CHx with x between O and 3. 
4.5 Methane Formation 
When large amounts of co2 were present in the synthesis 
gas (7.0 and 30%), methane was detected in the product stream 
at steady state, Figure 6. However, since methane was not 
observed at the lower co2 concentration in the synthesis 
gas, and since the Auger/XPS tests did not find 
significantly more carbon on the surfaces tested with high 
co2 gas than the reduced catalyst, it is suggested that co2 
is directly hydrogenated to methane by the reaction: 
= + [17] 
The other possible reaction yielding methane is: 
(50) 
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[18] 
Reaction given by equation (18], however, would require that 
larger amount of methane be formed at the lower co2 partial 
pressure, not at the high co2 partial pressure points as 
observed. 
It was also observed that methane formation increased 
with the decrease of temperature (Figure 6). !=;ince co2 
adsorption was found to be an inverse function of the 
temperature (15), it can be seen that as the temperature 
decreased, both the adsorbed co 2 concentration and the 
methane formation increased. This also led to the 
conclusion that co2 was directly hydrogenated to methane. 
4.6 Physical Changes of the Catalyst 
BET adsorption and X-ray diffraction were used to 
detect changes in the physical structure of the 10/70 Cu/ZnO 
catalyst tested with synthesis gases having varying amount 
The surface areas of the reduced and the tested Cu/ZnO 
= 30/70 catalyst are given in Figure 9 • The redu-.:ed 
catalyst shows the highest surface area ( 4 8 
2 
m /g) • The 
catalyst tested with low co2 concentration feed gas have 
(51) 
··--
i 
.i 
' 
approximately 40 
tested with the 
surface area. 
2 
m /g surface 
co-free gas 
areas while the 
has approximately 
catalyst 
2 33 rn /g 
Two events could account for the differences between 
the surface areas of the reduced and the tested catalysts. 
First, small degree of sintering could occur in the ZnO or 
Cu phase of the tested catalyst due to the process of 
repetitive raising and lowering of the temperature between 
225 C and 250 · C during the activity tests. Secondly, the 
loss of the surface area could be brought about by the loss 
of micropores available for BET argon adsorption due to the 
presence of adsorbed C~ in the micropores. When the 
catalyst which was tested with CO-free gas was heated to 250 
C under vacuum in the BET apparatus, evolution of undefined 
gas was observed. After 1 hour of heating at 250 'C, the 
surface area was remeasured. The resulting surface area was 
2 2 40.6 m /g as opposed to 33 m /g found when the sample was 
heated to 90 Conly. The surface area found after heating 
to 250 C under vacuum is comparable to the surface areas 
found for the samples tested with low co 2 concentration 
synthesis gas. The gas evolved during the heating process 
needs to be identified. However, if the gas is assumed to 
be C~, then the blockage of the micropores could also 
account for the differences in the surface areas of the 
catalyst tested with the low co2 concentration gas and the 
(52) 
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one tested with high CO 2 concentration gas. With a low co2 
synthesis gas, some CO2 adsorbed in the micro po res • As the 
CO2 partial pressure in the synthesis gas increased, more 
CO2 adsorbed in the micropores and the surface areas 
measured using argon adsorption decreased. The increase of 
7 
2 
m /g surface area found by heating the catalyst to 250 'r 
'"' 
in the BET apparatus is within the reported range of 
available 
2 
micropores, 8 m /g for the reduced Cu/ZnO = 30/70 
catalyst (10). 
There is one problem with the above postulate. The 
Auger/XPS analysis identified the surface carbon present on 
the tested catalyst to be non-oxygenated carbon and thus 
contradicts the notion that the catalyst micropores contain 
co 2 • However, this contradiction may be explained by the 
fact that the catalyst surface was exposerl to ethanol during 
the Auger/XPS sample slides preparation. This ethanol 
exposure could have washed off any oxygenated carbon fro~ 
the surface of the tested catalyst. This dilemma reiterates 
the inconclusive nature of the Auger/XPS results obtained in 
this investigation and reemphasizes the needs to conduct the 
in situ Auger/XPS experiment • 
Figure 10 shows that the particle sizes for the 
zinc-oxicie and the copper metal in the reduced and the 
tested Cu/ZnO = 30/70 r.atalyst do not depend on the amount 
(53) 
of co2 in the synthesis gas use
d in the activity tests. The 
deviations of particle size measured from different X-ray 
line broadenings are within the error range, as indicated in 
Table IV. The results of these measurements indicate that 
the dependence of methanol synthesis on the co2 partial 
pressure was not due to the effects of the change in the 
sizes of the crystalline particles. 
The ZnO particle size was measured for the tested 
Cu/ZnO = 30/70 catalyst for two different reflections, the 
[101] and the [1101. The particle size measured for the 
flOl] reflection was found to be greater than the one for 
the [110] reflection. This is consistent with an electron 
microscopic investigation which concluded that the particle 
s i z e i n the [ O O 1 ] d i rec t ion i s 1 a r g er than the pa r t i c 1 e s i z e 
measured for the [110] reflection, if the prismatic ZnO 
crystal is long enough to allow the [101] reflection to 
intersect with the (110) face of the crystal (lg). 
From the X-ray line broadening, the particle sizes of 
the copper metal in the reduced and the tested Cu/ZnO = 
. 
30/70 catalyst were found to be approximately 44 and 70 A 
for the [111] and the [110] reflections, respectively. This 
inequality suggests that the Cu particles are anisotropic, 
since a semi-spherical structure would give the same 
particle size measurements from both the [111] and the [110] 
(54) 
reflections. !CI (6) reported a large difference between 
the particle size measured from the [200] reflection and 
from the [111] reflection (approximately 60% difference). 
Calculations of the particle sizes in the [200], the [111], 
and the [110] directions were made assuming semi-soherical 
structure. The results show that, for semi-spherical 
particles, the ratio of the particle sizes is expected to be 
approximately 0.95/1/1 for the particle sizes in the [200], 
[111), and (110) directions respectively. This implies that 
the copper particles measured by ICI (6) were non-spherical. 
Unfortunately, the data given by !CI cannot be used to 
suggest the configuration of the copper particle or confirm 
the difference in particle size found in this investigation 
due to a contradiction within the ICI report. The ICI 
report states in the text that the ratio of the average 
crystal size measured by X-ray diffraction line broadening 
from the Cu[lll] and the Cu[?OO] reflections remains in the 
ratio 1:0.6. However, in the subsequent illustration, the 
ratio is reversed where Cu[200] is given as being larger 
than the Cu[lll] particle. 
From a report written by Mehta et al. ( 19) , copper 
metal in the used Cu/ZnO = 30/70 catalyst was seen using an 
electron microscope, to be nearly spherical. Since the 
particle sizes measured in this investigation have large 
errors associated with them, especially for the [111) 
(55) 
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relection, the particle size measured in the (111] direction 
and the one measured in the [110] direction could be equal, 
and the report that the copper metal exhibit semi-spherical 
structure could still be valid (19). 
(56) 
S. SUMMARY 
The 10/70 Cu/ZnO catalyst was tested under the 
following conditions: 75 atmosphere total pressure; 52.5 
atmosphere hydrogen partial pressure; 
partial pressure ratio from 0/22.5 
t:emperature of 225, 235, 250 · C; GHSV 
varying 
to 22.5/0 atm./atm: 
-1 
= 5000 hr . The 
methanol synthesis rate was found to depend upon the co 2 
partial pressure in the synthesis gas. The conversion rate 
was found to have a maximum for?% co 2 feed qas. The rate 
of methanol synthesis decreased with the increase of co 2 
content beyond the 2% concentration. The rate equation 
proposed by other investigators were tested by the data of 
this investigation and were found to be inadequate due to 
the lack of either co 2 dependence term or the water-gas 
shift effect. A proposal was made for a list of terms which 
must be in the rate equation in order for the equation to 
describe the methanol synthesis accurately. The synthesis 
rate was also found to be low when the catalyst was tested 
with co 2-free synthesis gas. 
Surface residual CH was 
suspected to be the cause of this reversible poisoning of 
the catalyst in the absence of co2 in the feed gas. When 
the co 2 content in the feed 
gas was 10% or less, the 
catalyst was found to be 100% selective to methanol 
formation. In the presence of 20 or 30% co2 in the feed 
gas, the 10 /70 catalyst produced smal 1 amounts of methane at 
(57) 
steady state. 
Two experiments were performed to determine the long 
term effects of extreme synthesis gas conditions (co 2;co/H 
= 0/30/70 and 20/10/70) at 250 'C on the catalyst activity. 
With co 2-free feed gas, it was found that the poisoning of 
the catalyst was reversible. Methane was found during the 
transient recovery period, but disappeared at steady state. 
When the catalyst was tested with 20% co 2 gas then with the 
standard (6% CO 2 ) mixture, the activity recovered fully, but 
methane production was not fully suppressed with the 
standard mixture. 
Two tests were performed to detect physical changes of 
the Cu/ZnO = 30/70 catalysts which could have been brought 
about by the different synthesis gas conditions: BET 
surface ares determination, and X-ray diffraction for 
particle size determination. Both the surface area and the 
particle sizes of the Cu/ZnO 30/70 catalyst were found to be 
independent of the amount of co2 in the synthesis gas. 
Auger/XPS analysis was performed on the reduced and the 
tested catalysts to determine the nature and the amount of 
carbon on the catalyst surfaces. 
detected on all of the samples. 
Surface carbon was 
However, the catalyst 
surfaces could have been contaminated when they were exposed 
to air and ethanol during the process of mounting them onto 
( 58) 
the Auger/XPS sample slides. The catalyst tested with the 
co2-free gas showed a substantially l
arger amount of surface 
carbon than other catalyst samples. The surface carbon was 
found to be some forms of surface residual CHx (x= O, 1, 2, 
or 3) by analyzing their binding energy. 
(59) 
6. PROPOSED FURTHER STUD I ES 
6.1 Kinetic Equation 
The system used for the study of the dependence of the 
rate of methanol synthesis on co2 partial pressure had 5 
independent variables: CO, co2 , H2 partial pressures, 
temperature, and flow rate. In the study done here, the 
hydrogen parti~l pressure, tenper~ture , and flow rate were 
kept constant. The partial pressure of co2 was the main 
variable. CO partial pressure was calculated from the co2 
and H2 
constant. 
partial pressures keeping the total pressure 
In order to be able to explicitly derive a 
kinetic equation from the data, another experiment is needed 
in which CO partial pressure and the total pressure are kept 
constant. Hydrogen partial pressure will change in relation 
with the co 2 partial pressure. The data fr
om the two 
experiment should enable a kinetic rate equation to be 
derived. 
6.2 Surface Carbon 
The present mounting procedure of the samples onto the 
Auger sample slides exposes the reduced catalyst to air and 
ethanol. This exposures could lead to surface 
contaminations. An experiment is needed in which the 
(60) 
calcined catalyst is mounted onto the slides by mechanical 
means (i.e. pressing the catalyst onto the slide directly). 
The calcined catalyst can be reduced and tested inside a 
chamber connected directly to the Auger/XPS chamber. Once 
the activity tests has been performed, the catalyst can be 
transferred directly into the Auger/XPS chamber without any 
exposure to air. 
6.3 Methane Formation 
Methane was found in the outlet stream of the methanol 
synthesis reactor when large amounts of co2 (20 and 1oi) 
were present in the feed gas mixtures. To see what the 
mechanism of the methane formation is, whether methane was 
formed from CO or co2 , and experiment using labeled co2 
can 
be conducted. This experiment would allow the carbon on the 
methane molecule to be traced back to its origin. The 
experiment must be done using a synthesis gas mixture which 
contains both co2 and CO, and the C~ concentration must 
be 
large (larger than or equal to 20%) in the feed gas. 
It is also of interest to find the extreme synthesis 
gas conditions which methane would form. In other words, 
since methane was observed at the high co2 content points, 
it is of interest to know what is the least amount of C~ in 
(61) 
the feed gas which would induce the methane formation. The 
standard activity tests are needed for the intermediate 
points between co 2 % of 10 and 2oi. 
l 
! 
(62) 
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